I. INTRODUCTION
Type-2 fuzzy systems have draw n wide attention during the last decade, and many fruitful results have been accumulated on analysis and synthesis of these systems in both theory and practice (see, e.g. [1] - [7] ) . First introduced by Zadeh in 1975 [8] , one motivation for studying such a class of systems is that type-2 fuzzy sets are better in representing and capturing uncertainties [9] , [10] , especially when the nonlinear plant suffers the parameter uncertainties while type-1 fuzzy sets do not contain uncertain information. Type-2 fuzzy systems like type-1 fuzzy systems are characterized by IF -THEN rules and are represented as weighted sum of local linear systems, and
This work was partially supported by King's College London, the National Natural Science Foundation of China (61203002), the Program for New Century Excellent Talents in University (NCET-13-0696), and the State Scholarship Fund of China Scholarship Council.
type-2 fuzzy systems could be regarded as a bunch of type-1 fuzzy systems.
How ever, the type-2 fuzzy set was originally for general type-2 fuzzy systems rather than the fuzzy-model-based con trol framework . This stimulates the study on interval type-2 fuzzy model describing the nonlinear plant subject to pa rameter uncertainty captured by upper and low er membership functions. Interval type-2 fuzzy systems were proposed in [11] and then extended in [12] for a wider class of nonlinear systems. Since then, they have been supported by a wide range of applications such as image processing [13] , face recognition [14] , energy markets [15] , supervisory adaptive tracking control [16] , and linguistic summarization [17] . Pre liminary stability results on interval type-2 fuzzy-model-based systems could be found in [12] under parallel distributed compensation scheme. [18] further increases design flexibility and reduces implementation complexity by considering the imperfect premise matching, which means the fuzzy controller and the fuzzy plant do not have to share the same number of fuzzy rules and/or same premise membership functions.
On the other hand, it is well know n that most practical dynamic systems inherently involve time delays. Without taking the limitations into consideration, techniques developed may result in performance degradation or even instability of the closed-loop control system in practice. In recent years, fuzzy system with time delays has been probed widely. Just to name a few, in [19] , the authors proposed delay partitioning approach to stabilize continuous time-delay Tak agi-Sugeno fuzzy systems with time-varying parameter uncertainties. In [20] , the authors investigated fault detection problem for Tak agi-Sugeno fuzzy systems with time-varying delays via delta operator approach. In [21] , the authors dealt with the netw ork delay compensation problem for nonlinear netw ork ed control systems.
Although type-2 fuzzy sets demonstrate superiority com pared to type-l fuzzy sets, the formers will be complex in analysis and have heavy computational burden. In this paper we investigate interval type-2 fuzzy-model-based control design for systems with time-varying delays under imperfect premise matching. Unlik e existing work under type-l fuzzy logic frame, this paper formulates nonlinear systems with parameter uncertainties and time-varying delay under interval type-2 fuzzy logic frame. The uncertainties are presented by the upper and low er membership functions and the time varying delay is restricted by its bound and derivative.
Motivated by the discussions above, by means of Lyapunov Krasovsk ii functional, we have proposed sufficient conditions in terms of LMIs to assure the asymptotical stability of the closed-loop control system. The remainder of this paper is organized as follow s. Section II is devoted to the mathematical model of the concerned system and some preliminaries. Syn thesis of state-feedback type-2 fuzzy controller are presented in Section II I. A numerical simulation in Section IV is to illustrate the feasibility and effectiveness of the proposed results and Section V concludes the paper.
II. PROBLEM FORMULATION AND PRELIMINARIES
Consider a nonlinear system with time-varying delays and parameter uncertainties represented by the follow ing interval type-2 fuzzy model with low er and upper bound membership functions.
Plant Rule i:
where Mi a is an interval type-2 fuzzy set of rule i, a = 1,2, ... , \IT and i = 1,2, ... ,po x(t) E IRn is the state, u(t) E IRrn is the control input, d(t) is the time-varying delay and satisfies d(t) E (0, d], d(t) :::; m, d and m are know n positive numbers, cp(t) is the initial sequence. Ai, Bi, Adi are know n matrices as system matrices, input matrices and delayed-state matrices, respectively. The firing strength of rule i is the interval sets as follow s:
in which !!:.Mia (tJ a( x(t))) and liMia (tJ a (x(t))) denote the low er and upper membership functions respectively satisfying the property liMia (tJ a (x(t))) � !!:.Mia (tJ a (x(t))) � 0 and llii (x(t)) and Wi(X(t)) denote the low er and upper grade of membership respectively. The inferred internal type-2 fuzzy model is defined as follow s:
are nonlinear functions with the property that Qi(X(t)) + ai(x(t)) = 1.
Controller Rule j:
where Nj (3 is an interval type-2 fuzzy set of rule j, f3 = 1,2, . . . , nand j = 1,2, ... , c. Kj are unknow n feedback gains to be determined. The firing strength of rule j is the interval sets as follow s: 1] are predefined functions with the property that f3 .(x(t)) + f3j(x(t)) = 1.
With the plant and controlle � J expression and the property of 2:f=l W i(X(t)) 1, 2:;=1 rhj(x(t)) 1, 2:f=1 2: j =1 Wi(x(t))mj(x(t)) = 1, we can have the closed loop control system as
where hij(x(t)) � Wi(x(t))mj(x(t)). In addition hij (x(t)) could be reconstructed as 'Y ij (x(t) )hij (x(t)) + 'l i/ x(t))ll ij (x(t)), in which 'l i/ x(t))
are functions with the property that 'l ij (X(t)) + 'Y ij (x(t)) = 1 and hij(x(t)) and ll ij (x(t)) are the upper and low er bound of hij(x(t)) with definitions below
where
and Vri lk (Xr(t)) + Vri2k(Xr(t)) = 1, otherw ise Vrirk(Xr(t)) = 0, x(t) E 1l1b Uk =1 'h = 111 is the state space of interest.
With the above definitions, in the further stability analysis, we could use scalars ciiji l i2 ... ink and 6 ijid2 ... ink to deal with the term lli j (x(t)) and hij(X(t)) through n I1 Vrirk(Xr(t)) which are independent of i and j. In a r=1
word, the stability conditions involving the membership function information (hij(x(t)) and ll ij (x(t)) as the upper and low er bound of. hij(x(t)) ) could be achieved by scalars ciijili2 . .. ink and 6 iji l i2 ... ink.
III . MAIN RESULTS
For simplification reason, we denote Wi(X(t)), mj(x(t)), hij(x(t)), hij(x(t)) and ll ij (x(t)) as Wi, mj, hij, hij and ll ij ' respectively.
We need to revisit a fundanlental lemma to be used in the follow ing proof.
[ -R L ] 
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The stability condition for the closed-loop control system would be p c L L vT(t) ( f1.ijD ij + (hij -f1.ij ) Yij ) V (t) < 0 i= 1 j=1
Recalling that 2:% =1 2:7 1 =1 '" 2:7 n=1 rr� =1 Vrirk(Xr(t)) 1, with (16) and (17) (16) and (17) . This will allow us to just check conditions at V3(t) < dL L wi'mj certain points (Jiji 1 i2"'ink and �ijiIi2."ink) rather than every i=1 j=1 point of the upper bound hij and low er bound f1.ij . X((Ai + BiK')X(t) + AdiX(t -d(t))fZ 
V(t)
the elements in '2ij are the same as stated in Theorem 1. Then the closed-loop control system (15) is asymptotically stable. Moreover the interval type-2 fuzzy controller gains can be obtained by Kj = NjX-1 .
In the derivation of Theorem 1, we introduce slack matrices Yij to bring more flexibility. We can include even more slack matrices based on some inequalities and equalities, but this will lead to high computational demand.
Remark 5: It could be noted that dividing the region of x into more partitions could further reduce the conservatism. The more upper and low er bounds of the membership functions involved in could lead to more relaxed results while the computation burden would be heavier. Remark 6: Theorem 1 and Corollary 1 could be modified to tackle control systems without time-varying delay by removing V2 ( t) and V3 ( t) in V ( t) follow ing the similar derivation.
IV. NUMERICAL EXAMPLE
In this section, a numerical example will be presented to demonstrate the potential and validity of our developed theoretical results.
Consider a three-rule interval type-2 fuzzy model in the form of (1) with Al = [� :
. a and b are constant parameters,
The membership functions for the plant (1) 
V. CONCLUSION
The stability of interval type-2 fuzzy-model-based control systems with time-varying delay and parameter uncertainties is investigated in this paper. We have proposed an interval type-2 fuzzy state feedback controller to ensure the asymptotic stabil ity of the closed-loop control system under imperfect premise matching. This membership function dependent method shares more design flexibility, because it is not required that the interval type-2 fuzzy controller and interval type-2 fuzzy plant have the same premise membership function and/or number of fuzzy rules. The stability conditions come in LMI form and include the information of the membership functions to be more relaxed than membership independent method. A numerical example is presented to show the effectiveness of the proposed approach.
